n/ π 4 sr, raising the local core temperature from 0.8 to 1.8 keV. The shell-implosion dynamics (including the beam fusion and thermal fusion initiated by fast deuterons and carbon ions) can be explained by the one-dimensional hydrocode STAR 1D. Meanwhile, the core heating due to resistive processes driven by hot electrons, and also the generation of fast ions were wellpredicted by the two-dimensional collisional particle-in-cell code. Together with hot electrons, the ion contribution to fast ignition is indispensable for realizing high-gain fusion. By virtue of its core heating and ignition, the proposed scheme can potentially achieve high-gain fusion.
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Introduction
The National Ignition Facility (NIF) is a promising candidate for the development of a safe fusion power plant [1] . However, successful core ignition is not yet be achieved. A self ignition scheme, that is, to burn the core in implosion itself has not proved as easy as expected. The fast-ignition scheme is expected to have a complimentary ability to ignite the fuel.
In the fast-ignition scheme, a preimploded DD or DT capsule is irradiated by a laser pulse for a few tens of picoseconds, a much shorter timeframe than the hydrodynamic disassembly time of the compressed core [2] . Such a short-pulse laser generates energetic electrons and ions near the cutoff region. These electrons and ions are expected to penetrate the core and form a hot spot, from which a 4 He (α particle) burning wave spreads over the core. If fast heating and ignition trigger the core ignition with high gain, it will greatly assist energy production from the inertial confinement fusion.
We began the fast heating studies with the petawatt-module laser (90 J/0.8 ps)(2001) [3] , which enhanced the thermal neutrons by a factor of 1.7 ( / π × 7 10 4 5 sr). The subsequent peta-watt laser (190 J/0.7 ps)(2004) [4] further enhanced the thermal neutron yield (by a factor of 5, or × 4 10 6 n/ π 4 sr) [5] . However, 2D simulations and experiments suggested that the hot electrons diverge, thereby heating the whole core area rather than a local region [6] [7] [8] [9] [10] [11] [12] . Much researches are done on the possibility of collimating the fast electrons by using resistive electric fields produced by density gradient [13] or [14] , Weibel fields produced by counter-propagating laser pulses [15] , externally generated magnetic fields [16] , etc.
Hence we propose a scheme that directly heats the imploded cores by energetic ions driven by the laser for fastignition-fusion experiment (LFEX), an ultraintense laser, that drives both hot electrons and energetic ions around the critical density. Fractions of these driven particles are transported through the overdense plasma to the core. The hot electrons heat the whole core, whereas the energetic ions deposit most of their energy near the core periphery, locally heating it to the 4 He (α particle) burning temper ature. An α burning wave then spreads from the hot spot over the core. A spherical deuterated polystyrene (C 8 D 8 or CD) shell was imploded by the two counter-propagating beams of a GEKKO XII (GXII) green laser. The LFEX is focused onto the naked core from the side, vertical to the GXII axis. By illuminating the LFEX as closely to the core as possible, we confirmed that the hot electrons and energetic ions play equal roles in core heating. In fact, DD beam-fusion neutrons are yielded at × 5 10 8 n/ π 4 sr. The neutron peaks of beam-and thermal-fusion neutron indicate that the laser-driven ions (deuterons and carbon 6+ ions) not only drive the beam-fusion reaction, but also contribute to the core heating. Comparing the observed and 1D-simulated spectral broadenings of the thermal neutron peak, we estimated a twofold rise in the the peripheral core temperature (from 0.8 to 1.8 keV). Combined beam fusion and thermal fusion generates neutrons in a compressed deuterated core plasma.
Counter-propagating beam implosion of a target with side holes
The self-ignition fusion scheme must concentrate the centrifugal shock waves to ignite a central hot spark. For this purpose, it requires a π 4 laser beam illumination. In contrast, the illumination of the fast-ignition scheme needs not be fully symmetric, because the fast-ignition beam can form a hot spark in any core area. Figure 1(a) shows the CD shell with two holes, and (b) the configuration of the target, lasers, and detectors. The target is µ 500 m in diameter and µ 7 m thick. The target has two 250 μm diameter holes. One hole guides the LFEX beam into the target for heating; the other ventilates the preplasmas generated by the GXII. The latter hole plays no heating role, but enables direct detection of the x-rays and charged particles emitted from the heated core. Each of the two counter-propagating beams from GXII carries ± 254 14 J in a 1.3 ns-wide 3rd-order-super-Gaussian pulse at a wavelength of 0.527 μm. Each beam is focused by an aspheric lens (F number 3).
By changing the focusing depth d of the implosion beams, we identified the focal point that achieves the highest core density from the x-ray streak camera XSC images (see figures 1(c)-(e)). The optimum d/R (where R is the shell radius) is −1.6 ( figure 1(d ) . Figure 1 panel (c) exhibits an exploding pusher-type feature, whereas panels (d ) and (e) display implosion features. In panel (d ), the DD thermal neutron yield was × 1.9 10 5 and the peak density (estimated in the 1-dimensional hydrocode STAR1D [17] ) was approximately ∼ × 5 10 the solid density. In panels (d ) and (e), half of the shell thickness is ablated out, so the target is in quasi-exploding pusher mode. Consequently, the guiding holes might not influence the core formation. X-ray streak flow images of similar shell targets with and without side holes are compared in panels (a) and (b) of figure 2, respectively. Considering the CD shell attenuation effect in (a), the intensities of the core emissions are identical in both cases, and no apparent differences appear in the results. in vacuum. The LFEX and GXII beams are electronically synchronized ( jitter <100 ps). Figure 3(b) shows the x-ray streak camera image XSC of the core emission without LFEX illumination. The bottom plot displays the imploding shell emission trajectory, which follows the GXII pulse shape. In STAR 1D [17] , the core was maximally compressed at 0.9 ns after the implosion beam peak. The emission peak at 0.8 ns (see XSC in figure 3(b) ) is probably sourced from hot electrons or shock preheatings.
LFEX and measurement setup

X-ray pinhole images of LFEX-heated cores
The LFEX-heated core in 2-3 keV energy range was observed from two directions by a pair of pinhole cameras (PH01 and PH02; see figure 4(a)). Panel (b) of figure 4 displays the x-ray pinhole images without the LFEX. PH01 viewed the initial shells and the imploded cores, whereas PH02 viewed the shell emissions overlapping the core. Panel (c) presents similar images to panel (b), but with illumination by the LFEX. The emission size along the GXII and LFEX axes were µ 360 m FWHM and µ 230 m, respectively; therefore, the LFEX absorption point is 0.6 times closer to the core than expected in a uniform implosion. On the other hand, the time-resolved core diameter was ± 55 1 μm FWHM at maximum compression ( figure 3(b) ). Assuming that the imploding beams converge two ( × × 200 200 7) μm 3 shell volumes into a 55 μm-wide and 230 μm-long ellipsoidal core, we estimated that the material was compressed to at least twice its solid density (2 g cm ). However, in STAR 1D predictions, the core is compressed to 5-10 g cm −3 . the discrepancy is attributed to the narrow width of the GXII-beam cone angle ( 19 ), which realizes only twice the solid density under 2D expansion. STAR 1D also estimated a core radius and temperature of 35 μm and ∼0.8 keV, respectively, at the maximum compression. The pinhole images of PH02 and PH02 are replotted in panels (d ) and (e) of figures 4, respectively. Here, the vertical axis (colored axis) denotes the x-ray intensity. The LFEX illumination is focused on the point indicated by the arrow in (e). Note that the peak core emission appears brighter without the LFEX ((b) or (d )) than that of with the LFEX ((c) or (e)), respectively). Why the laser illumination reduces the emissions from the heated core into the camera is not yet resolved. To investigate this phenomenon, we must observe x-ray emissions over a wider energy range. 
Neutrons
The neutron time-of-flight (TOF) signals were detected by two gated oxygen-enriched liquid scintillators [18] . Liquid scintillator LS1 was set 13.35 m from the target at 69.13 (rightforward) to the LFEX incidence (in the horizontal direction), and liquid scintillator LS2 was set 2.5 m from the target perpend icular to the LFEX axis. To prevent γ noises, we electronically gated the photomultiplier dynode prior to the arrival of the neutron signals. Before illuminating with the LFEX, we confirmed that the neutrons were generated from the core and not from the shell. Without the LFEX, the yield was 10 5 -10 6 n/ π 4 sr/shot; a yield of × 7 10 5 (No. 35739) was detected by LS2. Figure 5 (1) where the energy unit is MeV. The second term on the right-hand side describes the main peak in (c), which is upshifted from 2.45 to 3.3 MeV. Although LS1 was angled at −69.13 (right-forward) from the LFEX axis, we infer that the peak at 3.3 MeV arises from beam fusion (its width ∆E B is × = 0.01 MeV ln 2 6.9 keV at HWHM). The third term describes the 2.5 MeV peak (with width ∆E T of × = 0.0025 MeV ln 2 1.7 keV at HWHM). This peak is inferred as the core temperature. Thermal neutrons were generated within a very short period before the flow started moving, or at the instant of flow movement [5] . Therefore, the core was presumed static with no residual velocity during the stagnating period. Integrating the curve from 2 to 6 MeV and normalizing by π 4 sr, the yield is obtained as ( ) ± × 5.1 1.6 10 8 n/ π 4 sr. The peak at 2.5 MeV corresponds to × 6.4 10 7 n/ π 4 sr (13% of the total yield), indicating the thermal neutron yields were enhanced 100-fold from × 5 10 5 n/ π 4 sr and that the core temper ature has roughly doubled from 0.8 to 1.8 keV.
Assuming that the core is in thermodynamic equilibrium; that is, the emission temperature is × 2.8 the plasma temperature, the x-ray pinhole emission of 2-5 keV infers a core temper ature of 0.8-2 keV [19] . The total yield normalizes to × 3.8 10 7 n/ π 4 sr, of the same order of magnitude as the 2.45 MeV peak yield in the LS1 signal ( figure 5(c) ). figure 5(d ) .
The data of two LFEX shots and one no-LFEX shot are listed in table 1.
Ion and electron emissions from the core
We positioned two CR-39 ion-track detectors, one at 20.9° (Detector (a)) and the other at 109° (Detector (b)) relative to the LFEX incidence. The signals detected at (a) traveled straight throughout the core and are shown in figure 6(a) ; the side signals detected at (b) are shown in figure 6(b) . Both detectors were located 10 cm from the target. The counting area of each detector was 0.0227 mm 2 , implying a detection solid angle of × − 2.3 10 6 sr. Before the LFEX arrives at the target, the GXII illumination ablates and removes the surface hydrocontamination layers. Therefore, the LFEX heats pure CD plasma, producing only hot electrons, energetic carbons and deuterons. Under the ponderomotive force of the shortpulse laser, hot electrons are driven at their critical density, dragging the ions away. The energy gain G of the ions is given by
, where
for the electron mass m e and the laser field E L of the frequency ω [20, 21] . Deuterons below 1 MeV are rarely observed in figure 6 (a), but are common in figure 6(b) . The deuterons generated at the cutoff density must possess energies from below 1 MeV to above a few tens of MeV [21] . As suggested later in figure 7(d), these deuterons must be emitted over broad solid angles. Therefore, deuterons, coming through the core (those displayed in figure 6(a) ), must be stopped, whereas the side scattered deuterons (in figure 6(b) ) pass through. The decay of the side-scattered deuterons is non-exponential, indicating the capture of additional deuterons, pulled by runaway hot electrons. This behaviour explains the large count difference between the signals of Detectors (a) and (b) (71 counts in figure 6(a) versus 231 counts in figure 6(b) ). An electron spectro meter placed on the LFEX axis detected hot electrons with a 5.5 MeV-slope temperature throughout the core, as shown in figure 6(c) . The lack of electron energies below ∼ 13 MeV imply absorption in the core.
From the 2D radiation-hydro calculations, the peak density and size of the core plasma were determined as 2 g cm −3 and 230 μm, respectively. Using these values, we calculated the deuteron stopping range in fully ionized CD plasmas at various initial energies. The results are plotted in figure 6(d ) . Deuterons of 0.9 MeV or less are stopped by the 230 μm core, consistent with the results of figure 6(a). In the STAR 1D simulation (see figure 6(d ) ), hot electrons heated the entire core from 800 eV to 1 keV, whereas carbon 6+ ions predominantly heated the region 20 μm from the core surface from 1 to 1.8 keV. The thermal-and beam-fusion yields were × 2.3 10 7 and × 4.1 10 8 n/ π 4 sr, respectively, consistent with observations. Although the beam-fusion neutrons were not uniformly distributed over all solid angles, we estimated the 4π sr yield for comparison with the 1D simulations.
Particle-in-cell (PIC) simulations of energetic electrons and ions
Particle-in-cell (PIC) simulations predict that hot electrons spread over ∼ 60 . In the present setup, the path to the core area is so short (100 μm), that more than a third (33%) of the hot electrons strike the core plasma and deposit their energy therein [5] .
The initial density and temperature at maximum compression were determined by STAR 1D (see figures 7(a) and (b)). Next, the energetic particle generation and heating by the LFEX were verified in a 2D collisional PIC simulation (PICLS) [22] , revealing the mechanism by which the bulk electrons are heated and the heat is transported to the core ( figure 7(a) ). At 2 ps, the bulk electron temperature in the core exceeds 1 keV. The fast-electron Ohmic current heats the deuterons to a few hundred eV at the core periphery (∼1 g cm −3 at µ = x 160 m); see figure 7(b). The collisionless shock accompanying the MeV-energy deuterons arrives at the core after the 2-ps simulation time. At 2 ps, the shock front appears approximately µ = x 100 m ( figure 7(b) ). The high-energy deuterons will reach the core region a few picoseconds later and deposit additional energy. Panels (c) and (d ) of figure 7 show the 2D profiles of the electron energy density at 1 ps and the deuteron energy density at 2 ps, respectively. The resistive processes driven by the hot electrons and fast-ion generation might additionally heat the core on arrival.
Conclusion
The preimploded core of a CD shell target was heated by the direct LFEX illumination, yielding × 5 10 8 DD neutrons by deuteron-beam fusion. This result verifies local heating of the core by ions. Thermonuclear neutrons are driven by energetic ions such as carbon 6+ . The STAR 1D results reasonably agreed with the experiments. The LFEX increased the peripheral core temperature from 0.8 to 1.8 keV. By coupling PICLS to STAR 1D, we evaluated the bulk heating and heat transport mechanism by the LFEX-driven electrons and ions. Our polar implosion scheme enhances ion heating by placing the ignition laser closer to the core than in spherical implosion schemes.
Whereas the hot electrons heat the whole core volume, the energetic ions locally deposit their heat into ignition spots. However, as the core density is limited to 2 g cm in the current experiment, neither hot electrons nor fast ions can efficiently deposit their energy, so the neutron yield remains low. At higher core densities (>10 g cm 3 ) , hot electrons could contribute more to the core heating by drag heating. Additionally, a higher power laser (e.g. 10 20 W cm −2 ) would increase the energy carried by the fast ions, largely increasing the ion contribution. Part of this manuscript is published in [23] . The y-axis is the vertical direction. The CD plasma peak density is ∼6 g cm −3 and core density ∼2 g cm −3 . Laser is emitted at 10 19 W cm −2 , 1.5 ps pulse length, 60 μm focal spot [23] . Assuming an absorbing boundary condition, we detected 675 million particles in × 5000 5000-pixel grids and ran the simulations for 2 ps using 200 cores of AMD processors. Reprinted figure with permission from [23] Copyright 2015 by the American Physical Society.
